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ABSTRACT

In 1987, Burney and collaborators (Journal of Archaeological Science (1994) 21, 273–281)
recovered a ca. 8 m sediment core from the western basin of Laguna Tortuguero, Puerto Rico
that spanned the last ca. 7000 calibrated years. They produced a detailed microscopic charcoal
record, and from an initial peak in charcoal at ca. 5300 cal yr B.P. suggested that humans had
colonized the island some 2000 years earlier than documented by the archaeological evidence
then available. In 2008, two sediment cores were recovered from the eastern basin of Laguna
Tortuguero. AMS dates on macrofossils indicate the profile extends to 7600 calibrated years, but
it includes an interval with missing sediment marked by a layer of shell hash and bracketed by
radiocarbon dates of 5144 and 1648 cal yr B.P. Stable carbon and nitrogen isotopic analyses
show evidence for a drastic change in depositional environment following this event.
Microscopic charcoal concentrations peak just below and at the contact of the shell hash, with
the first of three high-charcoal levels positioned immediately above the date of 5144 cal yr B.P.
The microscopic charcoal record appears to support the interpretations of Burney et al. (1994) of
human colonization around 5300 cal yr B.P., although the fires recorded in the Laguna
Tortuguero sediments may also be driven by regional climate shifts. Desiccation of Laguna
Tortuguero, a hurricane or multiple hurricanes, or a tsunami could explain the missing sediments
and the large change in depositional environment that occurs above the shell hash. AMS dating
of sediment from the mud-water interface at the 2008 core site suggests a possible hard-water
effect of ca. 1200 cal yr for dates on the algal gyttja above the shell hash, which if true would
mean that the event that deposited the shell hash may have occurred as late as ca. 448 cal yr B.P.
(A.D. 1502).
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CHAPTER 1
Introduction

Little paleolimnological research has been conducted in Puerto Rico. Burney et al. (1994)
recovered a sediment core from Laguna Tortuguero, along the central north coast, that spanned
7000 calendar years. They examined microscopic charcoal in the sediments as an indicator of the
history of human colonization and fire use on the island, but did not investigate other proxies.
Burney et al. (1994) hypothesized that a charcoal spike would indicate the initial human
colonization of Puerto Rico and other remote oceanic islands. Their charcoal record from Laguna
Tortuguero revealed a charcoal spike ca. 5300 cal yr BP that they interpreted as an indication of
human presence, even though the archaeological evidence available at the time indicated that
humans did not arrive in Puerto Rico until ca. 3200 cal yr B.P. (Rouse 1992). Burney and
collaborators attributed the 2000-year difference between the archeological record and the
charcoal data to reflect an absence of archaeological evidence of the island’s first settlers. They
interpreted the spike in charcoal at 5300 cal. yr. B.P. to be the result of human-set fires because
they regarded the general climate in the Caribbean at this time to be too moist to allow for large,
naturally set fires. However, they were unable to study other proxies that might provide evidence
of local climate over the time span of the record. The researchers had planned originally to study
pollen assemblages, but found pollen to be poorly preserved in many levels of their sediment
core (D. Burney, pers. comm. to S. Horn, 1993).
For my M.S. thesis research, I sought to combine microscopic charcoal analysis with
analyses of stable carbon isotopes, nitrogen isotopes, carbon:nitrogen ratios, and, if possible,
pollen assemblages, in a new core from Laguna Tortuguero to shed light on climate and
1

environmental history in Puerto Rico and to further explore the possible link between human
settlement and the Laguna Tortuguero charcoal spike identified by Burney and collaborators. In
doing so, I sought to complement analyses of cores recovered from nearby islands of the
Caribbean and tropical Atlantic, including Hispaniola (Hodell et al. 1995; Higuera-Gundy et al.
1999; Kennedy et al. 2006; Lane et al. 2009, 2011; Caffrey 2011), Cuba (Peros 2007a, b), and
Andros Island, The Bahamas (Kjellmark 1996), and to contribute to the understanding of
connections in climate history between islands. The major questions posed in this research are:

1. How does the microscopic charcoal record from the new Tortuguero core
compare to the record produced by Burney and collaborators? Do results
confirm or challenge the interpretation of human settlement at ca. 5300 cal yr
BP?

2. What possible shifts in climate or lake environment are indicated by stable
carbon isotopes, nitrogen isotopes, and carbon:nitrogen ratios in the Tortuguero
sediments? How do these proxies compare with the microscopic charcoal
record, and do they suggest human influences on the environment, or natural
changes?

3. How does proxy evidence of the Holocene environmental conditions at Laguna
Tortuguero compare with records of regional climate patterns in the circumCaribbean and tropical Atlantic?
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4. Does the Tortuguero sediment profile contain evidence of any major storm
event? If so, when did the event (or events) occur? Does evidence exist in the
microfossil and isotope records of post-storm shifts in vegetation?

This thesis consists of seven chapters. In the chapter that follows, I describe the
environmental setting of Laguna Tortuguero, Puerto Rico. In Chapter 3, I review general climate
trends in the late Holocene, specifically in regard to the circum-Caribbean region. The results of
prior analyses of the sediments of Laguna Tortuguero and lakes on other islands in the Caribbean
and tropical Atlantic are also addressed in this chapter. In Chapter 4, I describe the field and
laboratory methods used to conduct this multiple proxy analysis of the Laguna Tortuguero
sediment profile. In Chapter 5, I present stable carbon and nitrogen isotope and charcoal records
from the sediments of Laguna Tortuguero. I discuss the implications of my results in Chapter 6,
and how they fit with other research conducted in the region with respect to fire, vegetation,
climate history, and human impacts on the environment. In Chapter 7, I conclude this thesis by
summarizing my results and offering some suggestions for future research at Laguna Tortuguero.
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CHAPTER 2
Study Site

2.1 Laguna Tortuguero
Laguna Tortuguero (18°27’ N, 66°26’ W; ca. 1 masl) is located in north-central Puerto
Rico, less than 0.5 km from the coast (Figure 1). The lake covers an area of ca. 220 ha and is the
largest natural lake in Puerto Rico. It was designated a nature reserve in 1979 and is now used
for recreation (Soler-Lopez et al. 2006). The lake and surrounding nature reserve are protected
by Puerto Rico’s Department of Natural Resources. Laguna Tortuguero includes an eastern and
western basin separated by a narrow sill (Figure 2). The bedrock is karstic (Bennett and Giusti
1972), and both basins of the lake may occupy sinkholes. A line of vegetated dunes separates the
lake from the Atlantic Ocean. No rivers drain into or out of the lake, but a ditch was constructed
through this line of dunes in 1940, providing a water connection with the Atlantic (Burney et al.
1994). The proximity of the lake to the coast makes it susceptible to breaching by violent storms
and hurricanes.
Quinones-Marques and Carvajal-Zamora (1980) analyzed the water chemistry of Laguna
Tortuguero and concluded that chloride is the principal ion, with an average concentration of 795
mg/l. Sodium (Na+) and sulfate (SO4-) are the next most important. They found the lake to
contain approximately 5% seawater, but storm-driven tidal inputs are believed to be infrequent
because of the presence of an aquatic macrophyte community in the lake that is intolerant of high
salinity (Burney et al. 1994). The ratio of sodium to sulfate is about 3.8, which is similar to the
ratio of these ions in seawater. Total and organic nitrogen concentrations differ between the
eastern and western basins, and are generally higher in the eastern basin. Organic nitrogen
4

Figure 1: Location of Laguna Tortuguero, Puerto Rico. Source: Google Earth.
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Figure 2: Location and bathymetry of Laguna Tortuguero, Puerto Rico, showing sites cored by
Burney et al. (1994) and Lane and others in 2008. Modified from Burney et al. (1994).
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concentrations in the eastern basin (1.6 mg/L) are more than twice those of the western basin
(0.64 mg/L). Except for ammonia (NH4+), which is higher in the western basin, concentrations of
all other nitrogen forms in the eastern basin equal or exceed concentrations in the western basin.
Measurements taken in February 2011 from the eastern basin of Laguna Tortuguero (M. Caffrey,
unpublished data) revealed current lake water to have a total hardness of 7–15 mg/L near the
shoreline and 120–250 mg/L in deeper water. Alkalinity was ≥240 ppm and pH was between
7.8–8.4 in both shallow and deeper water. Many side canals drain into the lake and recent
observations (M. Caffrey, unpublished data) suggest lake levels were lower more recently, as
palms and other plants have become submerged (Caffrey 2011).

2.2 Climate and Vegetation
Temperatures along the north coast of Puerto Rico show little annual variation, with
monthly means ranging from 21.1 to 32.2 °C (mean 26.7 ºC). The rainy season in Puerto Rico
falls between May and December, when monthly rainfall for the island as a whole averages
141.25 mm, while the drier months of January through April receive an average rainfall of 79.25
mm (Bennet et al. 1997). Annual rainfall around Laguna Tortuguero is approximately 1500 mm.
The northern coast of Puerto Rico, where Laguna Tortuguero is located, receives almost twice
the precipitation of the southern coast. This is a product of the interaction between the easterly
Trade Winds and the Intertropical Convergence Zone (ITCZ). Island-wide, one fourth of the
annual precipitation is attributed to tropical storms, which occur between August and October
(Birdsey and Weaver 1982).
The north coast of Puerto Rico is located within the subtropical moist forest zone of the
island (Birdsey and Weaver 1982.) Remnant forests on well-developed soils are characterized by
7

trees up to 20 m tall with rounded crowns and abundant epyphites. During the dry season, many
of the trees are leafless. However, most of the origional subtropical moist forest has been cleared,
and grasses and pastures today dominate the landscape. Mangroves grow in coastal bays and
inlets, and appear to be taller within the subtropical moist forest zone than in the dry forest zone
of the southern coast (Birdsey and Weaver 1982). Red (Rhizophora mangle), black (Avicennia
germinans), White (Laguncularia racemosa), and Button (Concarpus erecta) mangroves are all
present in Puerto Rico, but their coverage has been reduced by fuelwood exploitation,
reclamation for agriculture, and destructive hurricanes (Birdsey and Weaver 1982). Plants
growing within or adjacent to Laguna Tortuguero include palms, ferns, lilies, cattail,
Mimosoidae, Casuarina, Ceiba (kapok), and grasses (Caffrey 2011).

2.3 Regional Archaeological Setting
The archaeological record indicates that humans first migrated to the Greater Antilles via
the Yucatan Peninsula, moving eastward through the islands, beginning in Cuba and reaching
Hispaniola ca. 6000 yr B.P (Kozlowski 1974; Moore 1991; Wilson et al. 1998; Keegan 1994;
Keegan 2000). Archaeological evidence suggests another wave of human migration occurred
later, this time coming up through the Lesser Antilles and arriving in Puerto Rico ca. 3200 yr
B.P. (Rouse 1992) and Jamaica ca. 1200 yr B.P. (Rouse and Allaire 1978). Prehistoric human
populations on Caribbean islands appear to have depended primarily on marine resources and
wild plants (Keegan 2000).
Archaeologists have categorized prehistoric human activity in the Caribbean Islands into
three different periods based on migration occurrences and technological differences (Keegan
1994; Fitzpatrick and Keegan 2007). The first is called the Lithic/Archaic and begins with the
8

first arrival of humans in the Caribbean approximately 6000–7000 yr B.P. and continues through
about 2500 yr B.P. According to Rouse (1992), Archaic peoples subsisted primarily on foraging
and fishing. They lived in small, mobile bands and did not practice agriculture. However, some
evidence suggests these people developed their own form of horticulture involving use of fire
apart from that of the later Ceramic-age cultures, and dramatically impacted the land (Siegel et
al. 2005, Rivera-Collazo 2010).
The Ceramic-age people migrated to the Caribbean around 2500 yr B.P. (Keegan 2000).
There northward migration was halted in Puerto Rico for ca.1000 years for unknown reasons.
They practiced ceramic-making and are traditionally believed to have been the ones who brought
horticulture involving the use of fire to Puerto Rico. They still subsisted primarily through
hunting and gathering, but supplemented their diets with plants and animals initially transported
from the mainland or neighboring islands. They maintained these non-indigenous plants and
animals through horticulture and landscape modifications. Previous paleoecological studies on
Caribbean islands have revealed evidence of prehistoric fires attributed to these people, in some
cases associated with pollen evidence of maize cultivation (Lane et al. 2008; see next chapter).
People of the Ceramic age maintained dominance in the Caribbean until A.D. 1492, when
Columbus came to the “New World” and brought Spanish explorers and slave traders to the
Caribbean. The Spanish arrival marks the beginning of the Historical Period, which extends from
European contact through the modern era.
Recent archaeological and sedimentary evidence suggests Archaic people may have
arrived on Puerto Rico much earlier than 3200 cal yr B.P. As mentioned previously, Burney et al.
(1994) interpreted a rise in charcoal concentrations at 5300 cal yr B.P. in Laguna Tortuguero
sediments as evidence of anthropogenic fires. Siegel et al. (2005) also found a spike in charcoal
9

ca. 3640 cal yr B.P. in a sediment core from a mangrove swamp near the Maisabel
archaeological site ca. 10 km ENE of Laguna Tortuguero. They attributed differences in the
timing of charcoal spikes between their record and the record from Laguna Tortuguero (Burney
et al. 1994) to indicate migration of inhabitants around the northern coast of Puerto Rico. In
1988, Carlos Ayes and Ovidio Dávila excavated the archaeological site Angostura located on the
north coast of Puerto Rico, adjacent to the Rio Grande de Manati and ca. 8 km NW of Laguna
Tortuguero (Rivera-Collazo 2010). They obtained 11 radiocarbon dates on charcoal fragments
from a mound associated with human habitation. The mean calibrated age of one of those dates
was 6820 cal yr B.P. However, this date was considered anomalous because the other 10 dates
ranged from 4650–3750 cal yr B.P. (Rivera-Collazo 2010). Even though these dates are not as
old as the charcoal spike noted in the record from Burney et al. (1994) they are still older than
the hypothesized arrival date of humans in Puerto Rico of 3200 cal yr B.P.

10

CHAPTER 3
Literature Review

3.1 Introduction
Over the last two decades, many paleoclimate studies have highlighted the extreme
climate fluctuations of the last glacial interval, but climate variability over the Holocene (last
11,500 cal yr B.P.) remains largely undocumented in many areas of the world. Understanding
climate variability in the more recent past is important if we are to understand the background of
natural climate variability underlying anthropogenic climate change.
Until recently, the last few thousand years were generally regarded as a stable interglacial
period characterized by relatively warm global temperatures and decreased climate variability
compared to the Pleistocene (Dansgaard et al. 1993). However, recent studies have revealed
evidence of rapid global climate change on decadal timescales (Keigwin 1996; deMenocal et al.
2000; Nyberg et al. 2002; Mayewski et al. 2004). While much of the evidence of extreme climate
variability has come from the northern temperate regions, tropical regions have been receiving
more attention. It is becoming more apparent that the tropics may be one of the primary drivers
of world climate because many major oceanic and atmospheric forcing mechanisms, such as the
ITCZ and Atlantic Meridional Overturning Current (AMOC), converge there. New emphasis is
being placed on explaining tropical climate variability during the late Holocene as well as the
mechanisms behind this climate variability and its relationship with world climate and climate
change (Higuera-Gundy et al. 1999; Nyberg 2002; Kennedy et al. 2006; Hodell et al. 2007; Peros
2007a, b; Lane et al. 2009, 2011; Caffrey 2011).
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3.2 Caribbean Islands and Climate Change
The islands of the Caribbean present excellent opportunities for studying climate
variability. Islands are, in many ways, isolated ecosystems, and environmental parameters and
influences are easier to constrain and identify as compared to continents. This makes island
environments excellent models for larger, more complex ecosystems. Additionally, the
Caribbean islands are situated in an area that is influenced by several oceanic and atmospheric
forcers and elements of global significance, including the Intertropical Convergence Zone
(ITCZ), Atlantic Meridional Overturning Current (AMOC), and the El Niño-Southern
Oscillation (ENSO).
The ITCZ is characterized as a low-pressure convergence zone between the northeastern
and southeastern trade winds (e.g. deMenocal et al. 2000). The location of the ITCZ fluctuates
throughout the year, but the position it reaches in the boreal summer has a large effect on
regional precipitation patterns in the Caribbean. Generally speaking, the further north the ITCZ
extends in the summer, the more precipitation the Caribbean region will receive (Souza et al.
2009). Alternately, if the ITCZ remains to the south during the boreal summer, Caribbean
precipitation decreases significantly (Haug et. al. 2001). This can severely impact rainfall in
Puerto Rico, as summer is the time of the year when the island receives the most precipitation.
ENSO is a periodic fluctuation in the ocean and atmosphere of the tropical Pacific. When
eastern Pacific sea surface temperatures (SSTs) increase, convective activity also increases
(Malmgren et. al. 1998). This suppresses convective activity in the Caribbean, which increases
vertical shear between the Caribbean and the tropical Atlantic. Aridity increases in the Caribbean
after a warm ENSO event due to decreased SSTs. This decrease in SSTs is due to increased trade
wind intensities and associated upwelling of deeper, cooler waters with the southward
12

displacement of the ITCZ. These fluctuations happen regularly on a sub-decadal scale, but a high
frequency of intense ENSO-type events could have a strong effect on the climate dynamics of
the circum-Caribbean.
The AMOC affects SSTs in the Caribbean, which influences atmospheric humidity, latent
heat, and convection (Nyberg et. al. 2001). The AMOC affects the amount of water that is being
advected northward from the tropical Atlantic into the North Atlantic. If the strength of the
AMOC weakens, Caribbean SSTs would theoretically decrease because of the decrease in the
advection of warm tropical Atlantic water. This would reduce atmospheric humidity, latent heat,
and convection.
The location of Caribbean islands makes them more sensitive to slight shifts in these
climate-forcing mechanisms. These shifts can change the nature of sedimentation in lakes and
wetlands, as well as the materials and fossils that reach these basins. Therefore, climate shifts can
be recorded in the sediment of island lakes and wetlands. Apart from shifts in climate, sediment
cores from Caribbean islands can provide key evidence for determining patterns of human
colonization. Humans may have attempted to inhabit an island multiple times, but failed before
permanent structures were established. Such activity could leave evidence of human presence in
sediment records even if no archaeological evidence exists (Burney et al. 1994; Kjellmark 1996).
The analysis of charcoal and pollen grains in sediment cores can document episodes of humanset fires or land clearance and cultivation in the absence of permanent structures.

3.3 Paleoenvironmental Proxies
The occurrence of charcoal in a sediment record indicates past fire, either natural,
climate-induced fires originating from lightning strikes or other natural ignition sources, or
13

anthropogenic fires signaling a human presence. Determining which source is the cause is often
difficult. Proxies such as pollen or stable isotopes can be used in conjunction with charcoal to
help determine if fires are natural or anthropogenic in origin. The occurrence of maize pollen at
the same interval as charcoal often signifies human-set fires from agricultural clearing. A shift in
pollen assemblages or stable carbon isotopes can signal vegetation changes associated with a
shift toward a more arid, fire-susceptible climate. Without the benefit of these additional proxies,
it can be difficult to determine the cause of fire, especially when attempting to determine the
timing of first human arrival in areas with little to no archaeological evidence. This has led to
debate over the timing of human arrival on the island of Puerto Rico.
Charcoal and pollen are the proxies most commonly used for climate and environmental
reconstructions based on lacustrine sediment records. Charcoal has been used to identify climate
shifts and natural or human-set fires (Horn 1993; League and Horn 2000; Whitlock et al. 2004;
Clark 2007; Beach et al. 2009), as well as human impacts such as human arrival, forest clearing,
and cultivation (Burney et al. 1994; Clement and Horn 2001). Pollen also has been used to
identify fluctuations in vegetation that signal shifts in climate and human impacts (Kennedy et al.
2006, 2008; Lane et al. 2008, 2009; Taylor et al. 2010). However, as with all climate proxies,
pollen grains and charcoal fragments have their limitations. Pollen preservation is best under
waterlogged, acidic conditions, while many wetlands in the Caribbean are in carbonate areas and
tend to be neutral to basic in pH and also susceptible to desiccation (S. Horn, pers. comm.).
Where pollen is preserved, some tropical pollen types will be absent or underrepresented because
of low pollen production or dispersal from particular plant taxa (Bush et al. 1992). Also,
similarity in pollen grains of different species can hinder vegetation reconstructions based on
pollen assemblages (Ficken et al. 2002).
14

Charcoal also has its weaknesses as an environmental proxy. While the presence of
microscopic and macroscopic charcoal can illuminate human presence or the existence of a
wetter or drier climate, it is often difficult to determine whether the charcoal reflects fires set
naturally, by humans, or a combination of both. Also, neither charcoal nor pollen can reveal the
complete plant community. For these reasons, it is difficult to compile an accurate and complete
record from pollen and charcoal alone. By combining these with other vegetation-related proxies,
we can obtain a more accurate and complete record of environmental change in the tropics.
Stable carbon isotope analysis provides one such vegetation-related proxy that can be used
in conjunction with pollen and charcoal analysis to interpret sediment records. Plants have
evolved three forms of photosynthesis to convert sunlight, water, and CO2 into energy. C3
photosynthesis, also known as the Calvin Cycle, is the most common form of photosynthesis.
Genera in some plant families such as Poaceae and Cyperaceae use the C4 photosynthetic
pathway, also referred to as Hatch-Slack photosynthesis (Deines 1980; Ehleringer et al. 1997;
Collatz et al. 1998; Boom et al. 2001). The third type of photosynthesis is called Crassulacean
Acid Metabolism (CAM). CAM photosynthesis is typically limited to species in arid
environments, especially succulents, but is also used by some aquatic plant species (Meyers
1994). Each different photosynthetic pathway produces its own unique carbon isotope ratio in the
plant tissue. Any plant-derived carbon deposited into a lake will bring with it this isotopic ratio,
and thereby influence the isotopic ratio in the sedimentary organic carbon pool (Lane et al.
2004).
A fluctuation in the isotopic composition of bulk sediment can reveal a shift in watershed
vegetation such as a shift from a tree-dominated community to grassland. This type of shift may
signal a shift in climate or in human presence or activity. Plant species using the C4 pathway
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discriminate, only slightly, against heavy carbon. They produce δ13C values between –17 and –
9‰ (PDB), averaging –12‰. Plant species using the C3 pathway strongly discriminate against
heavy carbon and therefore produce δ13C values of –32 to –20‰ (PDB), averaging –27‰ (PDB;
Bender 1971; O’Leary 1981). Both isotope ratios are distinct and distinguishable in their values
with no overlap. Isotopic ratios produced by plants using the CAM photosynthetic pathways fall
between these two ranges. However, CAM photosynthetic plants are quite rare outside the
world’s deserts, making it reasonable to assume they are not contributing to the isotopic record in
the sediments of most tropical lakes in mesic environments.

3.4 Previous Research
Analyses of terrestrial and marine sediment cores from Puerto Rico, the Cariaco Basin, and
Hispaniola (Hodell et al. 1991; Burney et al. 1994; Higuera-Gundy et al. 1999; Desjardins 2007;
Haug et al. 2001; Kennedy et al. 2006; Lane et al. 2009) have revealed evidence of arid and
mesic intervals during the Holocene in the eastern Caribbean. Hodell et al. (1991) recovered a
7.6 m long sediment core from Lake Miragoâne, Haiti. The sediment record from this lake was
one of the first long, high-resolution environmental records for the circum-Caribbean region,
reaching back to 10,300 14C yr BP. Analyses of pollen and stable oxygen isotopes in ostracods
(Hodell et al. 1991; Higuera-Gundy et al. 1999) indicated cool, dry conditions from before ca.
10,000 14C yr BP to at least 8600 14C yr BP. Increased precipitation and temperatures began
around 7000 14C yr BP and lasted until approximately 3200 14C yr BP as indicated by evidence
of lake level rise in the isotope record and of forest expansion in pollen assemblages. This was
followed by a period of climatic drying persistent through the Late Holocene interrupted only by
a temporary return to moister conditions around 1700–1000 14C yr BP. The trends represented at
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Lake Miragoâne are generally consistent for other areas of the circum-Caribbean region such as
Lake Enriquillo, Dominican Republic (Mann et al. 1984; Taylor et al. 1985), Lake Valencia,
Venezuela (Bradbury et al. 1981), Church’s Blue Hole, Bahamas (Kjellmark 1996), and
Chichancanab, Yucatan, Mexico (Hodell et al. 1995). Because of the length, resolution, and
geographic position of the Miragoâne record, it has become a standard to which other terrestrial
records are compared.
The record reconstructed from the sediments of Laguna Saladilla, Dominican Republic
(Caffrey 2011) also shows some similarities with the history of Lake Miragoâne. This study used
diatoms, as well as pollen and charcoal, to reconstruct climate and environmental history.
Laguna Saladilla went from marine to brackish ca. 3500 cal yr. B.P., and stayed brackish until
ca. 2500 cal yr B.P. when it became a freshwater lake. Caffrey (2011) compared charcoal area
concentrations at Laguna Saladilla and Laguna Tortuguero to charcoal particle concentrations at
Lake Miragoâne, and found that all three sites showed evidence of increased fires during the
middle to late Holocene, when Milankovitch forcing increased winter insolation.
The shifts between drier and moister climates at Lake Miragoâne (Hodell et al. 1991;
Higuera-Gundy et al. 1999) are similar to those found by Haug et al. (2001) in their study of
marine cores from the Cariaco basin, and by Lane et al. (2009, 2011) at lakes on Hispaniola.
These research teams found evidence of climate change in the precipitation records for the period
of warming known as the Medieval Warm Period (MWP), as well as the subsequent period of
cooling known as the Little Ice Age (LIA). These periods are believed to have been, on average,
the wettest and most arid periods, respectively, in the circum-Caribbean in the last 2000 years.
Sediment records from Laguna Castilla and Laguna de Salvador on the south slope of the
Cordillera Central in Hispaniola (Lane et al. 2009) show evidence for a severe drought ~1210 cal
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yr B.P. that may be related to the series of droughts associated with the Terminal Collapse of the
Mayan civilization on the Yucatan Peninsula (Hodell et al. 2007; Dominguez-Vazquez 2008).
These records also show evidence supporting the hypothesis that shifts in the mean boreal
summer position of the ITCZ over the last few millennia may have been the primary driver of
late-Holocene climate variability in the circum-Caribbean region. This evidence is based on the
close correlation between climate proxies from the Dominican Republic lake sites (Lane et al.
2009, 2011) and proxy records of mean ITCZ position from the Cariaco basin (Haug et al. 2001)
and other sites (Nyberg et al. 2002). Pollen evidence of vegetation associated with moister or
drier climates and isotopic evidence of lake levels can indicate fluctuations in the position of the
ITCZ.
The location of hurricane occurrences can also indicate a fluctuation in the position of the
ITCZ (Bertran et al. 2004; Donnelly 2005; Donnelly and Woodruff 2007). The location of the
ITCZ can influence the direction a hurricane will track and where it will originate or make land
fall. The first Caribbean hurricane documented in historical records occurred in A.D. 1495, and
destroyed the town of Isabella founded by Columbus on the Island of Hispaniola (Rappaport and
Fernandez-Partagas, 1997). However, early historical records are incomplete and mainly only
document storm events from populated areas. Complete reliable records for the North Atlantic
began only with aircraft reconnaissance in the 1940s. Storm records of much greater length can
be obtained from the sedimentary record from coastal lakes, marshes, and bogs. Major or severe
hurricanes (category three or greater) generate large storm surges, which carry sand across
barrier dunes and deposit sand layers within these coastal wetlands. Cores from these sites reveal
sand layers interbedded with normally deposited organic sediments within these coastal water
features. Studies have been carried out along the Gulf and Atlantic Coasts of the United States
18

(Liu and Fearn 1993, 2000; Collins et al. 1999; Donnelly et al. 2001a, b, 2004; Scott et al. 2003),
but few have been conducted in the Caribbean, or on the Caribbean coast of Central America,
which generally see more hurricane activity.
Donnelly and Woodruff (2007) reconstructed a sediment record revealing two periods of
frequent and severe hurricanes occurring on the island of Vieques, Puerto Rico. The first
occurred ca. 3600–4400 cal yr B.P. and the second occurred ca. 1000–2500 cal yr B.P.
Desjardins (2007) found evidence of a severe hurricane on Hispaniola during this more recent
period of frequent and severe hurricane activity. The hurricane recorded in the sediments of
Laguna Alejandro on the southwestern coast of the Dominican Republic struck ca. 1022 cal yr
B.P. McCloskey and Keller (2008) constructed a 5000-year record of hurricane strikes on the
eastern coast of Belize to estimate the level of hurricane-generated stress upon the ancient Maya
civilization. They discovered stratigraphic evidence of nine major hurricane events, six of which
occurred during the last 500 years, for a frequency of 1.0–1.2 catastrophic storms every 100
years in that area. One very severe hurricane struck the coast sometime before 2500 cal yr B.P.
McCloskey and Keller (2008) compared this event with the most recent recorded hurricane in
their sediment record, which they determined to be Hurricane Hattie, a category four hurricane in
1961 that destroyed a new village farther inland. The hurricane prior to 2500 cal yr B.P. was
significantly more powerful and likely had catastrophic effects.
Variations in past fire activity may also indicate climate fluctuations and have been
identified as an important catalyst of vegetation change during rapid shifts in climate (Clark et al.
1996; Swetnam and Betancourt 1998). However, shifts in fire activity can also indicate humanset fires associated with forest clearance, agriculture, or other human activities. Many previous
paleoecological studies in the Caribbean region have shown evidence of periods of varying fire
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activity (e.g., Brenner and Binford 1988; Kjellmark 1996; Higuera-Gundy et al. 1999; Kennedy
et al. 2006; Caffrey 2011). Most researchers have associated the fires indicated by charcoal in
sediment records with natural ignition under climate conditions that supported fuel accumulation
and ignition. However, Burney et al. (1994) interpreted their early charcoal evidence from
Laguna Tortuguero to reflect fires set by humans who initially left little evidence of their
presence in the archaeological record.
Kennedy et al. (2006) recovered a core from a bog in the Cordillera Central, Dominican
Republic, with basal date of ca. 4000 cal yr B.P. They interpreted this age to indicate that the
Valle Bao bog originated during a period of regional lowland drying, as shown by the regional
climate record. A period of enhanced overall aridity or seasonal drying occurred, desiccating the
site periodically between ca. 3700–1200 cal yr B.P. The charcoal record indicates fires have been
an important element in the Cordillera Central for at least the past 4000 yrs. These fires were
most likely of natural origin, ignited by lightning for most of this chronology.
Recent research in Cuba (Peros et al. 2007a, b) used techniques similar to those conducted
in this study. Peros and collaborators studied a variety of proxies including LOI, pollen, stable
isotopes, and several others to reconstruct lake history and regional climate shifts at Laguna de la
Leche along the north coast of Cuba. They found evidence of shifts in Holocene lake level, lake
chemistry, vegetation, and biota. They determined the lake was a closed basin ca. 6200 cal yr
B.P., then transitioned to a lagoon ca. 4200 cal yr B.P. and further transitioned to a mangroveimpounded lake ca. 1700 cal yr B.P. They also found evidence of a 100-year drought prior to
4200 cal yr B.P.
The Church’s Blue Hole record from the Bahamas (Kjellmark 1996) shows evidence for
natural and human set fires. In the lowest (older) portion of the record, a dry climate is indicated
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by both the charcoal and pollen records. This also agrees with the regional climate trends at this
time. Shortly after the time of human arrival in the archaeological record, a peak in charcoal and
shift in pollen occurred. Kjellmark (1996) interpreted these changes to reflect human activity.
Subsequent charcoal spikes and pollen shifts are closely associated with the depopulation of the
island by Spanish slave raiders in the early 1500s and recolonization between A.D. 1666 and
1783. However, no evidence exists in the charcoal record to suggest humans arrived earlier than
indicated by the archaeological record, which was not until ca. 1200 B.P. in the Bahamas
(Kjellmark 1996).
The charcoal record from Laguna Tortuguero, Puerto Rico presented by Burney et al.
(1994) suggested humans had arrived ca. 2000 years before the then-accepted time of human
arrival proposed by Rouse (1992). Previous studies in Madagascar (Burney 1987a, b; Burney
1993) and Hawaii (Burney et al. 1995) show evidence of human arrival as much as ca. 500 years
before the evidence in the archaeological record. The archaeological evidence at the Angostura
(Rivera-Collazo 2010) site reveals the possibility that humans may have arrived on Puerto Rico
earlier than proposed by Rouse (1992). Because the period of high charcoal concentrations at
Laguna Tortuguero (ca. 5300–3200 cal yr B.P.) occurred during a period of high moisture for the
region, Burney et al. (1994) concluded that the charcoal was related to early human activity.
They suggested, because of increased moisture at this time, that natural fires would be
suppressed and uncommon. Humans often practice more burning during times of increased
moisture because fires are easier to control. However, increased charcoal concentrations are seen
in the Lake Miragoâne record around this same time. Archaeological evidence suggests humans
were not actively cultivating Caribbean landscapes, yet these records from Hispaniola and Puerto
Rico show similar spikes in charcoal. Unless humans were practicing larger scale agricultural or
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hunting techniques than originally thought, this may suggest a regional influence of shifting
climate as the source of these fires (Caffrey 2011). Also, an increase in precipitation could
indicate more storms and increased lightning strikes. Increased lightning could increase fires
after a period of seasonal drying due to increased fuel availability from greater plant productivity
because of increased moisture.

22

CHAPTER 4
Methods
4.1 Sediment Recovery
Drs. Chad Lane and Jeff Clark, together with Lawrence University students, recovered two
cores measuring ca. 3.2 m and ca. 1.5 m in length, and two mud-water interface cores measuring
ca. 0.6 m and ca. 0.9 m, from the western side of the eastern basin of Laguna Tortuguero in
December 2008 to make possible the analysis of environmental proxies. They chose to sample
the eastern basin because Burney et al. (1994) had cored and examined the sediments from the
western basin (Figure 2). Burney et al. (1994) had recovered an 8 m sediment core spanning
7000 calendar years from the center of the western basin. Lane had conjectured that the two
basins could have preserved different records, as they may have functioned as independent lakes
if the lake level dropped during drier periods.
The 2008 Tortuguero cores were recovered from an anchored floating platform, using a
plastic tube fitted with a piston for the upper sediments, and a square rod piston corer (Wright et
al. 1999) for the deeper sediments. The mud-water interface (MWI) cores were taken on either
side of the raft, and extruded vertically, in 2-cm intervals, into plastic bags. The sediments were
extremely soft and loose at the site of the first MWI core, so Dr. Lane decided to recover a
second MWI core that would overlap the first one, and reach deeper into the uppermost
sediments. Water depth was 232 cm at both sites. The “push” for the first MWI core began 217
cm below the water surface, roughly 15 cm above the sediment surface, and extended to 287 cm,
for a 70 cm total push that recovered 60.5 cm of near-surface sediments. The second MWI core
began ca. 8 cm below the mud-water interface, at 240 cm below the water surface. The push for
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this core was 90 cm, and an 81-cm long core was recovered, slightly less than the push length
because of compaction or sampling inaccuracies during extrusion.
The first sediment core recovered using the square-rod piston sampler was taken within ca.
1 m of the site of the second MWI core. Three core sections, each ca. 1 m long, were recovered
in succession from the same hole, beginning 88 cm below the mud-water interface. Bedrock was
encountered at 410 cm during recovery of the fourth piston core section, resulting in the recovery
of only 27 cm in that final 1 m push. On the chance that nearby sediments were deeper, Lane and
collaborators moved the raft a short distance to recover a parallel core of the deeper sediments.
This second piston core began 265 cm below the mud-water interface and reached to 434 cm,
also bottoming out at bedrock but reaching approximately 27 cm deeper. The core sections
collected with the square-rod piston corer were extruded on the platform into PVC half tubes
lined with plastic and foil. Piston core sections and bagged MWI samples were returned to
Lawrence University where they were stored in an air-conditioned laboratory.

4.2 Opening Cores at the University of Tennessee
The recoring of Laguna Tortuguero had been part of conversations and proposals in the
Laboratory of Paleoenvironmental Research at the University of Tennessee since Dr. Chad Lane
was an M.S. student (S. Horn, pers. comm.). When he left Lawrence University for a
postdoctoral position in Canada before analyzing the cores, he transferred them to the Laboratory
of Paleoenvironmental Research. There they were placed in cold storage at 6 ºC, until they were
opened and sampled for this study in January 2010. Opening the core sections consisted of
unwrapping the PVC half tubes and slicing the cores longitudinally using spackling knives. Core
sections were then described in core logs, noting sediment types and transitions, natural and
24

unnatural breaks, and other characteristics. Colors were determined using a Munsell color chart.
The core sections were then photographed to document their original color and length. Each half
was then wrapped in plastic and then in aluminum foil, labeled, and returned to the cold room for
storage at 6 ºC.

4.3 Radiocarbon Chronology
Twelve accelerator mass spectrometry (AMS) radiocarbon analyses were conducted on
organic material from the Tortuguero sediment cores. Ten radiocarbon dates were obtained from
Beta Analytic Laboratory, Inc., in Miami, Florida and two from the NSF-Arizona AMS
Laboratory at the University of Arizona in Tucson. The uppermost four dates in the sediment
profile were obtained on bulk sediment and the other eight were obtained on plant material.
Radiocarbon dates were calibrated using the CALIB 6.0 computer program (Stuiver and Reimer,
1993) and the dataset of Reimer et al. (2009). Sedimentation rates were estimated using linear
interpolation and the weighted means of the probability distributions of the calibrated ages
(Telford et al. 2004).

4.4 Isotope Analysis
I removed sixty-four samples at ca. 8 cm intervals from the two mud-water interface cores
and the two Tortuguero sediment cores recovered by Lane, Clark, and students. These samples
were processed and analyzed for carbon and nitrogen content, and isotopic composition. A
volume of ca. 1.0 cm3 was extracted from the mud-water interface cores and 0.5 cm3 from the
deeper core sections. The samples were treated with 1N HCL solution for approximately twelve
hours. Samples were then frozen and placed in a vacuum freezer to dry and remove the HCL.
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Samples were ground into a fine powder with a mortar and pestle to ensure they were
homogenized and representative of the organic carbon fraction of bulk sediment. I then extracted
and weighed a subsample from each interval. These samples were placed into tin capsules and
run through a Costech Elemental Analyzer coupled to a Thermo-Finnigan XL+ Mass
Spectrometer in the Stable Isotope Laboratory in the Department of Earth and Planetary Sciences
at the University of Tennessee to determine nitrogen and organic carbon isotopic composition.
Elemental analyzer standards and provided software were used to determine organic carbon and
total nitrogen concentrations. Following standard practice (Meyers 1994), I used per mil (‰)
notation, δ = (Rsample/Rstandard–1)*1000 to present nitrogen and carbon isotope data. The Vienna
PeeDee Belemnite (V-PDB) (using internal standards (SD < 0.13, n = 237)) isotope standard and
air (using internal standards, SD = 0.10, n = 238) were used to standardize δ13C and δ15N,
respectively.

4.5 Loss-on-Ignition Analysis
Seventy samples were removed at ca. 8 cm intervals for loss-on-ignition analysis. A
volume of ca. 1.0 cm3 was extracted from the main core sections and 2.0 cm3 from the mudwater interface cores. Samples were dried in a 100 ºC oven for 24 hours and subsequently ignited
in a furnace at 550 ºC and 1000 ºC for 1 hour each. Samples were weighed after cooling at each
stage to determine water content and estimate organic matter and carbonate percentages (Dean,
1974).

4.6 Microscopic Charcoal and Pollen Analysis
Thirty-nine samples were removed at ca. 16 cm intervals and processed for pollen using a
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processing schedule developed by Drs. Sally Horn and John Rodgers III that follows standard
palynological techniques (Berglund, 1986; Appendix A). Six samples were taken at finer
intervals between 159.5 cm and 195.5 cm, bracketing a peak in charcoal. Tablets containing a
known quantity of Lycopodium spores were added during processing to enable calculation of
pollen and charcoal concentrations (Stockmarr 1971). The processed pollen residues were
mounted on microscope slides in silicone oil and examined at 400x magnification. I quantified
microscopic charcoal (fragments <125 µm) on the pollen slides using a modified version of the
point counting method described by Clark (1982), which yields charcoal area values (Appendix
B). Low numbers of pollen grains on the slides precluded pollen counts. To estimate pollen
density on slides, I tallied pollen and fern spores across one transect on one slide from each of
the 39 levels.
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CHAPTER 5
Results

5.1 Core Stratigraphy
At location 2, from 432 cm below the mud-water interface to 391 cm, the sediment profile
from Laguna Tortuguero is mostly clay (10 YR 3/2), with some intermixed dark organic
sediments (10 YR 2/1) in the upper 10 cm of this unit (Figure 3). These dark, organic-rich
sediments continue to the top of the core at 251 cm. Abundant macroscopic wood fragments are
present from 354 to 281 cm. Within this zone of macroscopic wood fragments are two thin layers
of carbonate silt. One is located at 366–361 cm and the other extends from 356 to 353 cm. I used
the uppermost carbonate silt layer to align the sediment profiles from the two coring locations,
matching this layer to the single carbonate silt layer in the core from location 1. This required
shifting the location 2 sediment profile to a position 14 cm higher than the starting position of
265 cm sub-bottom estimated in the field.
From the bottom of Core 1 at 410 cm to 160 cm, the sediments are dark (10 YR 2/1),
organic-rich sediments. Wood fragments are abundant in the lowest portion of this unit, from
410–348 cm. A single layer of fine carbonate silt is present within this section, from 356–354
cm. Near the top of the unit, from 188–166 cm, there is a gap resulting from incomplete core
recovery. At ca.160 cm, the sediment becomes coarse shell hash and sand. Shells and shell
fragments range from <1–3 mm in length. The transition is rather abrupt and the hash and sand
layer is only ca. 6 cm thick. At 154 cm, the sediment type abruptly shifts to semi-laminated algal
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Figure 3: Profile stratigraphy and position of radiocarbon dated samples in parallel sediment
cores from Laguna Tortuguero, Puerto Rico. Dates in red were excluded from the chronology.
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gyttja with pale red gel-like subunits and small shells and shell fragments, a sediment type that
continues to the top of the core at 88 cm below the mud-water interface.
The two mud-water interface (MWI) cores cover approximately the upper 60 cm (core 1;
0–60 cm) and 100 cm (core 2; 8–98 cm) of the sediment profile. The sediments in both cores are
primarily mixed (non-laminated) algal gyttja, with some small shells (mainly gastropods)
dispersed throughout. Chlorophyll-rich algal material is present from ca. 10–0 cm below the mud
water interface in MWI core 1 and from ca. 10–8 cm in MWI core 2.

5.2 Radiocarbon Chronology and Sedimentation Rates
The twelve radiocarbon dates obtained on organic material from the Tortuguero cores
(Table 1) indicate the profile extends to ca. 7600 cal. yr. B.P (Figure 4). However, the
radiocarbon chronology for Laguna Tortuguero is not linear. The lowermost radiocarbon date for
the core from location one (β-274757) is younger than the radiocarbon date obtained ca. 50 cm
higher in the same core section (β-274756). The two-sigma calibrations for these dates overlap in
time, but plotting the weighted mean of each probability distribution results in an apparent
reversal. The lowermost date from core 1 is also younger than the radiocarbon date obtained only
ca. 15 cm higher in the parallel core (β-265710); in this case the two-sigma calibrations do not
overlap. In the middle of the profile, the date at 238.5 cm (β-293754) is younger than the date at
208.5 cm (β-293753), again with no overlap in the calibrated age ranges. Based on the gap in the
calibrated age ranges, the upper sample dated is at least 300 years younger than the lower
sample; the difference is more than 500 years if the weighted means are compared. In each of
these cases of apparent reversals, I excluded the lower date when calculating sedimentation rates.
Using the weighted means of the probability distributions of the ten dates included in the age31

Table 1. AMS radiocarbon determinations and calibrations for samples from the Laguna Tortuguero cores 1, 2 and MWI 2.

a

Lab numbera

Core section
and interval

Material
dated

Depth in
profile (cm)

δ13C (‰)

Uncalibrated 14C
age (14C yr BP)

Calibrated age
rangeb ± 2 σ

Area under
probability
curve

Weighted
meanc

AA-94163

MWI1/
0–2 cm

sediment

1.0

–22.9

1249±35

1080–1273

1.000

1189

β-293750

MWI2/
50–52 cm

sediment

59.0

–14.2

1440±30

1296–1382

1.000

1335

β -293751

LT1 320–420/
27–29 cm

sediment

116.0

–16.9

1670±30

1520–1631
1652–1692

0.090
0.103

1580

β -293752

LT1 320–420/
60–62 cm

sediment

149.0

–18.7

1740±30

1562–1715

1.000

1648

AA-94164

LT1 320–420/
75–76 cm

plant
material

163.5

–29.2

4476±39

4975–5018
5030–5295

0.098
0.902

5144

β -293753

LT1 420–520/
20–21

plant
material

208.5

–26.3

5540±40

6284–6404

1.000

6342

β -293754

LT1 420–520/
50–51

plant
material

238.5

–28.4

5100±40

5746–5921

1.000

5830

β -282462

LT1 520–620/
16–17 cm

charred
material

304.5

–25.1

6230±40

7010–7129
7144–7255

0.448
0.552

7140

β -282463

LT2 500–600/
57–60 cm

wood

309.5

–26.1

6210±40

7004–7246

1.000

7109

β -274756

LT1 520–620/
65–66 cm

wood

353.5

–26.0

6550±40

7344–7346
7418–7518
7535–7563

0.002
0.924
0.074

7464

β -265710

LT2 600–699/
38–39 cm

wood

385.5

–25.1

6790±40

7579–7682

1.000

7633

β -274757

LT1 620–642/
12–13 cm

wood

400.5

–25.9

6470±40

7291–7440
7449–7458

0.989
0.011

7375

Analyses were performed by Beta Analytic Laboratory in Miami, Florida (β) and NSF-Arizona AMS Laboratory (AA).
Calibrations were calculated using CALIB 6.0.1 (Stuiver and Reimer, 1993) and the dataset of Reimer et al. (2009).
c
Weighted mean of the 2 σ calibrated radiocarbon probability distribution.
32

b

Figure 4: Age-depth diagram for Laguna Tortuguero, Puerto Rico sediment record based on the
weighted means of the probability distributions of the calibrated radiocarbon data (Table 1).
Sediment accumulation rates are reported in cm/cal yr. Hollow markers indicate dates that were
excluded from the chronology. Pink bar indicates occurrence of coarse shell hash within an
apparent time gap in the record (dashed line). Calibrated ages of the upper four samples of bulk
sediment have not been corrected for a possible hard-water effect (see Discussion).

33

depth model, I infer a sedimentation rate from 7633–6342 cal. yr. B.P. (385.5–208.5 cm) of
approximately 0.137 cm/yr. From 6342 cal. yr. B.P. to 5144 cal. yr. B.P. (208.5–163.5 cm), the
calculated sedimentation rate is dramatically lower, approximately 0.038 cm/yr. From 5144 cal.
yr. B.P. to 1648 cal. yr. B.P. (163.5–149 cm), the calculated sedimentation rate is only ca. 0.004
cm yr., suggesting a hiatus near the position of the layer of shell hash. From 1648 cal. yr. B.P. to
1355 cal. yr. B.P. (149–59 cm), the sedimentation rate is ca. 0.307 cm/yr, and from 1355 cal yr.
B.P. to 1189 cal. yr. B.P. (59–0 cm), the calculated sedimentation rate is 0.355 cm/yr. The bulk
sediment sample from the top of the profile did not return a date near the coring date of A.D.
2008, but instead a much older date that suggests a hard-water effect on bulk sediment dates.

5.3 Isotopic Analysis
δ13C values range from –30 to –26 ‰ (V-PDB) until the occurrence of the shell hash (160
cm), at which point they become markedly less negative, ranging from –19 to –12 ‰ (V-PDB);
(Figure 5). C/N ratios also display a shift at this point in the profile. C/N ratios go from rather
high and highly variable values of 92–21 before the shell hash, to lower and less variable values
of 14–8 above it. δ15N values are ca. 6 ‰ (V-AIR) at the very bottom of the core and slowly
decrease to ca. 0.4 ‰ (V-AIR) near the shell hash, at which time they begin to increase again
through the rest of the core reaching ca. 10 ‰ (V-AIR) in the top of the core. A sample from
MWI 2 at 41 cm depth in the profile gave an anomalously low value for delta δ13C (–28.62‰ (VPDB)) and anomalously high values for δ15N (22.73‰ (V-AIR)) that were assumed to be due to
contamination and were excluded from the graph.

34

Figure 5: Stable carbon and nitrogen isotope concentrations and ratio results for the Laguna
Tortuguero core sites in the eastern basin. Dates in red are dates that were excluded from the
chronology.
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5.4 Loss-on-Ignition Analysis
Loss-on-ignition results display a similar pronounced shift (Figure 6) at the position of the
shell hash. Organic matter percentages decrease from approximately 85% below the hash to
between 30 and 60% above it, while carbonate percentages increase from approximately 1%
below the hash to 10–20% (with some higher values) above it. Organic matter and carbonate
content below the layer of shell hash are more constant and show relatively smooth, gradual
changes, while values above the shell hash are more variable.

5.5 Microscopic Charcoal and Pollen Analysis
The pollen processing yielded slides with low numbers of pollen grains. In my transect
counts to estimate pollen density, I found no pollen in transects across slides from 19 of the 39
levels processed, and only 1 or 2 pollen grains on slides from 9 of the 39 levels. Each transect
covered about 2% of the total area under the cover slip, suggesting that a standard count of ≤50%
of the slide area would have yielded less than 50 pollen grains, making counting infeasible.
Pollen is traditionally counted along transects spaced to avoid double counting when residue
moves as grains are turned for identification, thus covering no more than 50% of the area under
the cover slip. Transects across 5 of the 39 slides revealed 4–7 pollen grains (estimated countable
pollen density of 100–175 pollen grains on a slide). Transects on only 6 of the 39 slides
suggested countable pollen density of over 200 pollen grains per slide. I might have been able to
reach an acceptable pollen sum by counting two or more slides from these six levels, but the
slides with higher pollen densities were clustered in two fairly narrow intervals of the profile,
from 96.5–128.5 cm and 312.5–348.5, and would not have provided evidence of vegetation
change over the entire record. An exception to the otherwise low pollen density was one sample
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Figure 6: Loss-on-Ignition results for the Laguna Tortuguero sediment record. Dates in red are
dates that were excluded from the chronology. Note different scale for the carbonate curve.
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from the depth of 344.5 cm, in which I counted 277 pollen grains, mostly Poaceae, in a single
transect. Fern spores were somewhat more abundant than pollen grains in most samples, except
in the Poaceae-dominated sample, in which I observed no fern spores in the transect.
Charcoal first appears at 360.5 cm in the Laguna Tortuguero profile (Figure 7), but in very
small amounts (too low to show on Figure 7). Charcoal area concentrations range from 6–39
mm2/cm3 until 162.5–159.5 cm, where a large spike occurs (529–831 mm2/cm3). This spike is
based on high charcoal abundance in three samples: one from a few cm below the shell hash at
162.5 cm, and two from near the irregular lower boundary of the shell hash (at 159.5 cm and
160.5 cm). Charcoal area concentrations decrease in the upper part of the shell hash and the
overlaying algal gyttja. Values are intermediate (18–103 mm2/cm3) until 65 cm, at which point
charcoal area concentrations drop to 0 in four of the seven samples from the mud-water interface
cores.
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Figure 7: Charcoal area concentrations (mm2/cm3) plotted by depth (cm) in the Laguna
Tortuguero sediment profile. Dates in red are dates that were excluded from the chronology.
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CHAPTER 6
Discussion

6.1 Radiocarbon Chronology
The chronology of sediment deposition within a lake basin can reveal important aspects
of site history, independent of other proxies. The radiocarbon dates obtained on the Laguna
Tortuguero sediment profile suggest a possible interval low in the profile during which time
sediments of mixed age were deposited at the site, and a significant gap in time near or
encompassing the layer of shell hash. The radiocarbon dates also reveal evidence of a possible
hard-water effect on the bulk sediment dates taken above the shell hash.
The lowest date in the profile (β-274757 at 400.5 cm) is younger than two dates above it,
suggesting that the sediment at the bottom of the core might have been mixed during deposition.
The sediments near the 400.5 cm date include very large pieces of woody material that may have
been deposited during a storm surge. The date at 238.5 cm (β-293754) is also out of stratigraphic
order. This suggests mixing has occurred at this time, however visual inspection of the core
section does not reveal any obvious evidence of mixing at this interval.
Between 5144 and 1648 cal yr B.P.—in the interval encompassing the layer of shell
hash—the calculated rate of sediment accumulation decreases to 0.004 cm/yr. This anomalously
low value suggests a hiatus in sedimentation, the removal of sediments, or both at one or more
points in time between the bracketing dates. The presence of this time gap has made it difficult to
accurately estimate ages for the deposition of the shell hash layer as well as for the major shifts
in isotopes, LOI, and charcoal results that occur in or near the time gap. This complicates my
efforts to draw conclusions about the environmental history at Laguna Tortuguero or to compare
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my results to other studies in the region, or even to the Burney et al. (1994) study of a core from
the western basin of the lake.
A second issue that complicates interpretation of the Tortuguero record is the apparent
hard-water effect shown by the upper four radiocarbon dates. These AMS dates on bulk sediment
show a linear relationship, but do not cross the x-axis near the coring date of A.D. 2008 (Figure
4). That the sediment from the mud-water interface (0–2 cm in MWI core 1) returned a date of
1189 cal yr B.P. suggests a possible ~1200-year hard-water effect. This type of “old carbon”
effect on radiocarbon dates could be caused by the incorporation of isotopically dead carbon
from carbonate rock into tissues of aquatic organisms, including algae that upon death became
part of the lake sediment.
Burney et al. (1994), working with standard bulk sediments for all of their dates from the
western basin, also detected possible evidence of old carbon effects on Laguna Tortuguero
radiocarbon dates. Burney et al. (1994) omitted one date from their chronology that seemed too
old by ca. 2000 years. This date was on a sample from laminated algal gyttja with fine shell
debris, above two layers of shell hash in the core they analyzed. Burney et al. (1994) attributed
the anomalously old date to a change in water chemistry that may have caused discrepancies in
dating due to “…hard-water effects from increased concentration of waters derived from the
karstic Aymamón Aquifer that feeds the lake (Bennett and Giusti 1972), incorporation of old
carbon by molluscs that were apparently abundant at this stage, and redeposition of old carbon
from erosion of the exposed lake bed” (Burney et al. 1994: 276).

6.2 Climate and Storm History at Laguna Tortuguero
Sediment records from the circum-Caribbean (Binford et al. 1987; Holmes et al. 1995;
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Kjellmark 1996; Higuera-Gundy et al. 1999; Kennedy et al. 2006) indicate generally cool and
dry conditions prior to ca. 10,000 14C yr B.P., followed by warming and increased moisture
availability. A wet period occurred from ca. 7000–3700 14C yr B.P. followed by drying
beginning ca. 3700–3200 14C yr B.P. and extending mostly through the present with a brief
return of moister conditions ca. 1700–1000 14C yr B.P (Higuera-Gundy et al. 1999). In the
Laguna Tortuguero sediment profile, two major events are recorded that are not explained by
these regional climate trends. The first is a possible storm event at ca. 7500 cal. yr. B.P., and the
second is a major change in the depositional environment—seen across multiple proxies—
sometime between ca. 5144 and 1648 cal. yr. B.P or between 5144 and ca. 448 cal yr B.P. (A.D.
1502), if we assume a ca. 1200 year hard-water effect.
According to McCloskey and Keller (2008), major storm events can be identified in coastal
sediment records by the occurrence of sand layers, and the presence of pebbles, marine shells,
and microfossils. Events of lesser magnitude are recognized by relatively thin clastic layers and
finer grained sand or silt embedded in peat. In the Laguna Tortuguero profile, the sequence of
macroscopic wood fragments punctuated by two layers of very fine carbonate silt at ca. 370–345
cm, and the inverted date at the very base of the core (400.5 cm) suggests a possible storm event
around 7500 cal yr B.P. A similar unit of large woody fragments was noted in the core studied by
Burney et al. (1994), but no fine layers of carbonate silt were documented. Perhaps in the
western basin, these layers were not deposited or were washed away by subsequent storm events.
That two such layers showed up in the core from location 2, but only 1 in the core from location
1, may indicate spatial variability in the deposition of this material.
Sediment type, sedimentation rate, charcoal concentrations, and stable carbon isotope
composition remained relatively uniform up until sometime between 5144 and 1648 (448) cal yr
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B.P., when a major change occurred in each of these proxies. As mentioned, it is difficult to
estimate an accurate date for this change because of possible missing sediments at this interval.
The stable carbon and nitrogen isotope records show changes in δ13C and C/N ratios that indicate
a switch from allochthonous carbon dominance (low δ13C and high C/N) below the shell hash
layer to autochthonous carbon dominance (high δ13C and low C/N) above the shell hash layer
(Talbot and Johannessen 1992). The predominance of algal remains in the uppermost sediment
supports this interpretation. The increase in δ13C values is likely the result of low concentrations
of dissolved CO2 and possibly a switch to bicarbonate photosynthesis (Meyers 1994). The δ15N
data do not indicate any significant change in nutrient availability or cycling, but the general
trend toward more positive values in the recent sediments may be indicative of the microbial
communities becoming increasingly heterotrophic or increased rates of denitrification with time.
Loss-on-ignition results display a similar pronounced shift around the shell hash layer.
Organic carbon percentages decrease from approximately 85% to between 30–60%, while
carbonate percentages increase from approximately 1% to 10–20%. Small mollusk shells are
preserved in the sediments beginning at 162.5 cm. These shells could account, at least in part, for
this increase in carbonate content.
Stable carbon and nitrogen isotopic analyses and carbon/nitrogen ratios indicate that
primary production in Laguna Tortuguero increased markedly at the shell hash layer, but it is
unclear why. Possible explanations include a drop in average lake levels or increase in nutrient
availability that would promote aquatic primary productivity. A large storm surge could result in
an increase in nutrients from an influx of seawater. However, this would only explain an abrupt
and brief increase, not a sustained shift towards higher concentrations as seen. The radiocarbon
chronology indicated a change in sedimentation rate, or more likely, missing sediments, between
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5144–1648 (448) cal yr B.P. Desiccation of the lake, or erosion of sediments following a
hurricane, tsunami, or other severe event, could explain this hiatus.
From the records discussed above, the Caribbean began drying ca. 3700 cal yr B.P. and
continued drying through ca.1700 14C yr B.P. This coincides with the hiatus in the Laguna
Tortuguero sediment record (ca. 4476–1740 14C yr BP.) and may support the hypothesis of
desiccation of the lake. If the lake completely dried out during this time, sedimentation would
cease and the dried lake bottom surface would be vulnerable to deflation, potentially resulting in
a hiatus in the record. Burney et al. (1994) interpreted the algal-rich sediment unit in the
uppermost portion of their core to indicate a lower lake level than in previous years. The same
algal-rich unit is present in the uppermost portion of the core from this study and could be
associated with refilling of the lake after desiccation.
One or multiple storm surges occurring as the climate began to shift back to moister
conditions could explain the coarse shell layer, as the brackish shallow waters would provide an
ideal environment for small mollusks. These storm surges could also cause displacement of the
upper lake sediments and increase the chronological gap in the sediment profile. Alternately, as
rainfall replenished the lake, the water could dissolve salt precipitates that may have accumulated
on the lakebed as the lake dried up. This could also create the necessary environment for
mollusks to thrive and would not displace the upper sediments. If no sediments were displaced,
the hiatus would represent the length of time that the lake was dry. As lake levels rose and
salinity decreased, many of the mollusks would die, while the algal communities would continue
to grow, creating the sediment unit seen in the upper part of the profile.
Another possible cause of the hiatus in the sediment record is a severe storm or series of
storm events. An interval of relatively frequent, intense hurricane strikes between 5400 and 3600
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cal yr B.P. was documented by Donnelly & Woodruff (2007) on the eastern island of Vieques,
Puerto Rico. This was followed on Vieques by a period of relatively few extreme coastal
flooding events from 3600–2500 cal yr B.P. Another interval of intense hurricane strikes was
evident between 2500 and 1000 cal yr B.P. At ca. 2500 cal yr B.P., a severe hurricane appears to
have struck Belize, as documented by McCloskey and Keller (2008). Desjardins (2007)
documented a severe hurricane in the Dominican Republic at ca.1022 cal yr B.P. Taken together,
these records suggest frequent severe hurricanes were occurring in multiple places throughout
the Caribbean near the time of the abrupt shifts in isotopes, charcoal, and LOI results in the
Laguna Tortuguero sediment profile. A major hurricane could explain the shift in stable carbon
and nitrogen isotopes and organic carbon and carbonate concentrations. A large enough
hurricane, or series of multiple severe hurricanes, could completely change the depositional
environment of Laguna Tortuguero and increase nutrient availability in the lake. If the storm
surges were sufficiently strong, they could have potentially displaced the uppermost sediments in
the lake, which would account for the hiatus found in the Laguna Tortuguero sediment record.
Subsequent to this event, the environment in Laguna Tortuguero seems to have remained
uniform up through the present.
A tsunami is another possible event that could displace sediment and drastically change the
depositional environment of Laguna Tortuguero. Tsunamis are not as frequent or well
documented in the Atlantic and Caribbean as they are in the Pacific, but they do occur (Lander et
al. 2002). While there is little evidence for this hypothesis, it is possible that the dark organicrich sediment in the lower portion of the profile may indicate that the core site was once a lagoon
open to the sea that supported a mangrove swamp. Something as catastrophic as a tsunami could
deposit enough sediment to close the lagoon, destroy the mangroves, and displace the tens of
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centimeters or more of sediment that may be missing from the sediment profile. A combination
of these hypotheses could also explain the hiatus in the sediment record and change in
depositional environment.

6.3 Comparing the Records from the Western and Eastern Basins
The core stratigraphy, radiocarbon chronology, and charcoal record presented here show
that the sediment profile from the eastern basin differs in several ways from the western basin
profile studied by Burney et al. (1994). One clear difference is the length of the sediment
records. That the western basin profile (ca. 8 m) is twice the length of the eastern basin profile
(ca. 4 m), but has a similar (though somewhat younger) basal age, indicates that the
sedimentation rates in the western basin have been much higher than in the eastern basin.
Several commonalities exist in the stratigraphy between the sediment profile examined by
Burney et al. (1994) and the record from this study. There is a discrete layer of woody fragments
in the lower portions of both profiles. The dominant sediment type is also similar between the
two profiles. Approximately 1/3 of the way down from the top of each profile is a layer of coarse
shells and shell fragments that appears abruptly and then gives way to laminated algal gyttja.
However, even when the cores are aligned at a common point (e.g. the coarse shell layer), the
stratigraphy cannot be matched up directly, because there is more sediment between marker
horizons in the core from the western basin (Figure 8). But if, for the sake of comparison, the
profiles are manipulated so that 200 cm in the Burney et al. (1994) profile matches 100 cm in the
2008 profile, and 400 cm in the Burney et al. (1994) profile matches 200 cm in the2008 profile,
these commonalities match up almost perfectly (Figure 9).
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Figure 8: Comparison of the Tortuguero core studied by Burney et al. (1994) and the 2008
Tortuguero cores. Because the sediment profile of Burney et al. (1994) is much longer than the
profile from this study, the uppermost, and lowermost sediments were artificially shortened to
facilitate comparison (unique sediment occurrences were still maintained). Dates in red were
excluded from the chronologies.
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Figure 9: Comparison of core from Burney et al. (1994) and the 2008 cores with the scales
manipulated such that the sedimentation rate for the western basin is reduced by half. Dates in
red were excluded from the chronology.
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The match between charcoal records rescaled in the same manner is not as good (Figure
10). Plotted by adjusted depth, the charcoal area concentrations increase dramatically in the
western basin at the time they fall in the eastern basin. Admittedly, an arbitrary halving of the
sedimentation rate in one basin to try to match the stratigraphy in another basin is an unorthodox
approach. A better approach would be to plot proxies by age rather than depth. However, some
lines of evidence suggest that there may be a hard-water effect influencing the radiocarbon
chronologies presented here and by Burney et al. (1994), making the direct comparison of the
sediment records problematic (see below). Moreover, the spike in charcoal that is of interest falls
within the time frame of the missing sediments (5411–1648 (448) cal yr B.P.), making it difficult
to confidently estimate the age of the charcoal peak in the 2008 profile.
Leaving aside the date issue for a moment, it is unclear why the apparent sedimentation
rates would be so different in the western and eastern basins of Laguna Tortuguero, as both
basins are roughly the same depth. The sedimentation rates may be affected by differences in
basin size, bedrock composition, stream flow, or water source. While the basins are part of the
same lake, they are only connected by a shallow sill, and there may be little interaction or mixing
between the basins. However, even if sedimentation rates do differ between the two basins, this
would not adequately explain why there is a 1000–2000 year difference between dates from the
Burney et al. (1994) study compared to the present study, in sediments that appear to match
stratigraphically (Figure 9).
The difference in radiocarbon ages could be due to the different organic material used to
obtain dates. Burney et al. (1994) obtained all of their radiocarbon dates on bulk sediments,
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Figure 10: Charcoal concentrations from the sediment record in the western basin (Burney et al.
1994) and the eastern basin (this study). The scales have been adjusted for comparison by
halving the sedimentation rate for the profile from the western basin. Burney et al. (1994) used a
275 µm sieve allowing for larger particles to fall through. The sediments in this study were
passed through a 163 µm sieve, which could contribute to the large difference in charcoal area
concentrations.
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while I mainly used organic macrofossils. In addition, their dates were all conventional
radiocarbon dates with large standard deviations, obtained on materials that spanned wide (19–
24 cm) sections of their core. The macrofossils and sediment I dated came from narrow intervals
(≤ 2 cm), and were analyzed using AMS methods that yielded smaller standard deviations. Thus,
the dates on the 2008 profile could be expected to be more accurate. Burney et al. (1994) omitted
one date from their chronology that seemed too old by ca. 2000 years. This date was on a sample
from the layer of laminated algal gyttja with fine shell debris, whereas the other four dates were
obtained on sediment of uniform appearance. As mentioned, Burney et al. (1994) attributed the
anomalously old date to hard-water effects or the redeposition of old carbon from erosion of the
lakebed.
In the 2008 profile, only the top four dates were obtained on bulk sediment. These AMS
dates on bulk sediment match relatively well with the uppermost date and inferred ages of the
Burney et al. (1994) core (Figure 9), even though both sets of dates may show evidence of hardwater effects. The change in sediment type in the upper part of the 2008 profile may indicate a
change in lake chemistry that affected the dates in this section. Compared to the dates of Burney
et al. (1994), the calibrated radiocarbon ages of the macrofossils isolated in this study are older
than the bulk sediment dates from units that appear to match stratigraphically (Figure 9). This
supports my idea that bulk sediments and macrofossils in Laguna Tortuguero sediments may
yield different radiocarbon ages. This is important because if the dates in the Burney et al. (1994)
study are incorrect, then their estimate of the timing of arrival of people on Puerto Rico is
incorrect.
Burney et al. (1994) interpreted the drop in charcoal concentrations in the western basin ca.
1400 cal yr B.P to an abrupt decrease in population densities or changes in patterns of resource
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use. It is interesting to consider the possibility that the abruptness of this change may instead be
the result of the major shift in the lake environment triggered by a hurricane or other natural
event. Also of interest is the possibility that this shift occurred later than Burney et al. (1994)
estimated, perhaps near the beginning of the historic period, if the possible hard-water effect of
ca. 1200 years suggested by the dates on algal gyttja from the eastern basin is applicable to the
western basin.

6.4 Human History and Fire
New research by Caffrey (2011) compared the charcoal records from Lake Miragoâne,
Haiti, Laguna Tortuguero, and Laguna Saladilla near the north coast of the Dominican Republic
to mean daily winter insolation. The record for Laguna Saladilla is incomplete for the interval
between 7967 and 5235 cal. yr. B.P. because of the occurrence of a shell layer that made
sampling impossible. However, the comparison of Lake Miragoâne and Laguna Tortuguero
revealed that burning in the region began to increase around 5000 cal yr B.P., as winter
insolation increased during the middle to Late Holocene. Caffrey (2011) suggested that increased
dryness in winter, or an increase in the length of the dry period, would increase the drying time
for fuels. This could lead to an increase in fire intensity and/or frequency because of the increase
in dry fuel loads. Increased lightning strikes directly after a period of seasonal drying could cause
large fires from increased fuel loads because of increased vegetation growth from an increase in
average moisture.
The highest charcoal area concentrations in the sediments of the eastern basin of Laguna
Tortuguero also occur during this period of increased winter insolation. While it is hazardous to
interpolate ages within the time gap in the 2008 profile, the lower of the three samples with high
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charcoal area concentrations was taken from the 1-cm sediment interval directly atop the 1-cm
interval from which I extracted plant fragments that returned a radiocarbon date of 4476±39
years (5144 cal yr B.P.; AA-94164). Perhaps the peak in charcoal in the eastern basin occurred
near 5000 cal yr B.P., as in the western basin; however, additional radiocarbon determinations
are needed for verification. As in the western basin, years prior to this showed effectively no
charcoal in the eastern basin, which could be caused by fewer natural ignitions or less fuel during
a time when the region was supposedly drier.
Alternately, the peaks in charcoal that may date to around 5000 cal yr B.P. in both the
western and eastern basins may signal the arrival of humans, as proposed by Burney et al.
(1994). If the human-fire link is correct, the implication is that the first inhabitants of Puerto Rico
not only arrived earlier than Rouse (1992) proposed, but that they also used fire more extensively
for hunting and agriculture than he originally proposed. If the spike in charcoal in both basins of
Laguna Tortuguero is an indication of large-scale burning by humans initiated around 5000 cal
yr B.P., this burning could have been facilitated by regional changes in climate. Based on the
isotopic results from this study, the primary carbon source was allochthonous but dominated by
C3 taxa prior to ca. 5144 cal yr B.P., at the time of supposed human arrival. If humans were
creating grasslands through burning, they were not C4-dominated grasslands. Also, the large
spike in grass pollen at 344.5 cm (ca. 7250 cal yr B.P.) predates this earlier arrival of humans,
suggesting a dominance of grasses prior to evidence of extensive burning. Burney et al. (1994)
also reported preliminary evidence of abundant grass as well as sedge pollen in sediments
deposited between ca. 7000 and 5300 cal yr B.P. (before the charcoal spike) in the western basin,
and suggested that these pollen types might reflect herbaceous vegetation on nearby coastal
dunes.
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Burney et al. (1994) suggested that changes in climate or human resource exploitation
could explain a steep decline in charcoal concentrations in the western basin after ca. 3000 cal yr
B.P., which was followed by a further decline to negligible concentrations after ca. 1400 cal yr
B.P. The drop in charcoal after ca. 1400 cal yr B.P. in the profile from the western basin matches
the interval of low charcoal concentration above ca. 1650 cal yr B.P. in the profile from the
eastern basin. This charcoal decline may be associated with changes in both climate and human
activity. If conditions were dry enough to partially or wholly desiccate Laguna Tortuguero,
humans inhabiting the area would be strongly affected. If radiocarbon dates are correct as
accepted by Burney et al. (1994)—that is, not showing a hard-water error—this period of dryness
occurs close to the time of severe drought documented on Hispaniola by Lane et al. (2009) that is
believed to have been related to the series of droughts associated with the Terminal Classic
Collapse of the Mayan civilization on the Yucatan Peninsula (Hodell et al. 2007; DominguezVazquez 2008). If instead the dates in the upper algal gyttja show a hard-water effect of ca. 1200
years, this period of dryness would correspond in part to the Little Ice Age, also a time of dry
conditions in the Caribbean (Lane et al. 2011).
Alternately, a severe storm event or multiple hurricanes could have decimated
populations near Laguna Tortuguero. Burney et al. (1994) conjectured that charcoal
concentrations might have declined because, resource exploitation patterns or human population
density changed, affecting the anthropogenic burning regime. A severe drought, series of
hurricanes, or severe storm event could certainly affect both resource exploitation patterns and
human population density.
The problem with the hypothesis of changes in resource exploitation and human
population density as the driver of low charcoal values after ca. 3000 cal yr B.P. in the record
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from the western basin (and after ca. 1650 cal yr B.P. in the eastern basin) is its poor fit with
settlement patterns, site densities, and economic strategies revealed by the archaeological record
(Siegel et al. 2005). During this period of low charcoal in both Laguna Tortuguero records,
ethnohistoric documents reveal considerable slash-and-burn activities (Colόn 1947; Martyr
D’Anghera 1970; Oviedo 1950; Sauer 1966). Siegel et al. (2005) suggested this decrease in
charcoal to indicate cycles of occupations, abandonment, and reoccupations of places. It is
possible that the northern coast of Puerto Rico where Laguna Tortuguero is located became drier
than the southern coast, causing inhabitants to migrate to areas with more moisture during this
period of increased dryness. Similarly, hurricanes or a tsunami hitting the north coast could
affect the northern population of Puerto Rico but leave the southern population relatively
unscathed. As populations returned to the area, agricultural practices may have changed,
resulting in lower fire use and less charcoal in Tortuguero lake sediments.
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CHAPTER 7
Conclusions

The new sediment record from the eastern basin of Laguna Tortuguero shows that a major
event, marked by a layer of shell hash, changes in isotope values, and missing sediment occurred
between ca. 5144 and 1648 (448) cal yr B.P. Desiccation of the lagoon or a marked decrease in
lake level due to drier climate conditions, coupled with a severe storm event (hurricane or
tsunami) or series of strong hurricane events, could account for the missing sediment and drastic
change in depositional environment shown by the sediment record. Microscopic charcoal
concentrations show a single peak in the new record, with three levels of high charcoal below
and at the contact with the shell hash. This peak begins 1 cm above a date of 5144 cal yr B.P.,
and may correspond to the peak in charcoal identified by Burney et al. in the western basin at ca.
5300 cal yr B.P. This charcoal peak could be explained by human activity together with regional
shifts in climate, especially greater winter insolation and drying (Caffrey 2011), although carbon
and nitrogen isotopes do not show variations that might provide evidence of local changes in
climate until just above the charcoal peak and shell hash. The evidence from this study appears
to support the idea of earlier human habitation of Puerto Rico as proposed by Burney et al.
(1994). The increase in charcoal concentrations in the sediment record from the western basin of
Laguna Tortuguero presented by Burney et al. (1994) and the new record from the eastern basin
of Laguna Tortuguero suggest the possibility of a human presence much earlier than proposed by
Rouse (1992).
The major event revealed by the shell hash and missing time in the upper section of the
sediment record from this study could be linked to the low charcoal values found after the event.
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This event may have caused populations to migrate to other areas, decreasing charcoal influx to
Laguna Tortuguero. As populations returned they may have developed different agricultural
practices or cultivated new areas of land that were not situated in a way to facilitate charcoal
deposition in the lake.
More research is needed to help constrain the arrival of humans in Puerto Rico and the
effect of shifting climate on fire occurrence in the Caribbean. A pollen record from Laguna
Tortuguero would be invaluable to this study, as the changes in vegetation it might reveal could
potentially be linked to human activity. Finding pollen of maize or other cultigens at Laguna
Tortuguero would provide sure evidence of local human presence. Because pollen preservation is
so poor in Laguna Tortuguero, it would be beneficial to recover sediment cores from additional
lakes or wetlands near Laguna Tortuguero, as Siegel et al. (2005) have done, in hopes of finding
better pollen preservation. Alternatively, an extensive analysis of pollen in the 2008 Laguna
Tortuguero profile, by which all pollen residue is counted for an interval of 2–4 cm through the
entire sediment profile, may yield enough pollen to construct a useful pollen record from the
sediments. New processing methods might also help to concentrate pollen, such as the use of
heavy liquid separation.
A high priority for additional work with the 2008 cores is to better constrain the timing of
the charcoal peak, if possible. It would also be useful to obtain paired radiocarbon dates from
both bulk sediment and macrofossils at the same depth for each of the different sediment type in
the profile, to establish whether the two different materials render different radiocarbon ages.
This would help determine the accuracy of the bulk sediment AMS radiocarbon dates in the
present study, and those in the study of Burney et al. (1994), which would allow for a better
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comparison between the two records, and more accurate interpretations of the environmental and
human signals in the proxy records from Laguna Tortuguero.
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APPENDIX A
Pollen Processing Procedure

The following procedure was used to process sediment samples from Laguna Tortuguero
for pollen and microscopic charcoal analysis. Samples were processed in 15 ml Nalgene®
polypropylene centrifuge tubes. The centrifuge used was an IEC model CL benchtop centrifuge
with a 6 x 15 ml swinging bucket rotor. All centrifugations were carried out at the highest speed.
1.

Add 1 Lycopodium tablet to each centrifuge tube.

2.

Add a few ml 10% HCl, and let reaction proceed; slowly fill tubes until there is about 10
ml in each tube. Stir well, and place in hot water bath for 3 minutes. Remove from bath,
centrifuge for 2 minutes, and decant.

3.

Add hot distilled water, stir, centrifuge for 2 minutes, and decant. Repeat for a total of 2
washes.

4.

Add about 10 ml 5% KOH, stir, remove stick, and place in boiling bath for 10 minutes,
stirring after 5 minutes. Remove from bath and stir again. Centrifuge 2 minutes and
decant.

5.

Wash 4 times with hot distilled water. Centrifuge for 2 minutes each time.

6.

Fill tubes about halfway with distilled water, stir, and pour through 125 µm mesh screen,
collecting liquid in a labeled beaker underneath. Use a squirt bottle of distilled water to
wash the screen, and to wash out any material remaining in the centrifuge tube.

7.

Centrifuge down material in beaker by repeatedly pouring beaker contents into correct
tube, centrifuging for 2 minutes, and decanting.

8.

Add 8 ml of 49–52% HF and stir. Place tubes in boiling bath for 20 minutes, stirring after
10 minutes. Centrifuge 2 minutes and decant.

9.

Add 10 ml 10% HCl. Stir well, and place in hot water bath for 3 minutes. Remove from
bath, centrifuge for 2 minutes, and decant.

10.

Add 10 ml hot Alconox® solution, made by dissolving 4.9 cm3 dry commercial
Alconox® powder in 1000 ml distilled water. Stir well and let sit for 5 minutes. Then
centrifuge and decant.

11.

Add more than 10 ml hot distilled water to each tube, so top of water comes close to top
of tube. Stir, centrifuge for 2 minutes, and decant.
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Assuming that no samples need treatment with HF, continue washing with hot distilled
water as above for a total of 3 water washes.
12.

Add 10 ml of glacial acetic acid, stir, centrifuge for 2 minutes, and decant.

13.

Make acetolysis mixture by mixing together 9 parts acetic anhydride and 1 part
concentrated sulfuric acid. Add about 8 ml to each tube and stir. Remove stirring sticks
and place in boiling bath for 5 minutes. Stir after 2.5 minutes. Centrifuge for 2 minutes
and decant.

14.

Add 10 ml glacial acetic acid, stir, centrifuge for 2 minutes and decant.

15.

Wash with hot distilled water, centrifuge and decant.

16.

Add 10 ml 5% KOH, stir, remove sticks, and heat in vigorously boiling bath for 5
minutes. Stir after 2.5 minutes. After 5 minutes, centrifuge for 2 minutes, and decant.

17.

Add 10 ml hot distilled water, centrifuge for 2 minutes, and decant for a total of 3
washes.

18.

After decanting last water wash, use the vortex genie for 20 seconds to mix sediment in
tube.

19.

Add 1 drop of safranin stain to each tube. Use vortex genie for 10 seconds. Add distilled
water to make 10 ml. Stir, centrifuge for 2 minutes, and decant.

20.

Add a few ml TBA, use the vortex genie for 20 seconds. Fill to 10 ml with TBA, stir,
centrifuge for 2 minutes, and decant.

21.

Add 10 ml TBA, stir, centrifuge for 2 minutes, and decant.

22.

Vibrate samples using the vortex genie to mix the small amount of TBA left in the tubes
with the microfossils. Centrifuge down vials.

23.

Add several drops of 2000 cs silicone oil to each vial. Stir with a clean toothpick.

24.

Place uncorked samples in the dust free cabinet to let the TBA evaporate. Stir again after
one hour, adding more silicone oil if necessary.

25.

Check samples the following day; if there is no alcohol smell, cap the samples. If the
alcohol smell persists, give them more time to evaporate.
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APPENDIX B
Charcoal Point Counting Calculations

Calculations below are based on Clark (1982), with modifications in some cases by S. Horn. This
appendix is based on an unpublished laboratory handout by S. Horn prepared February 8, 2005
and modified May 3, 2006.
Areal density of charcoal on the slide (P) (e.g., the estimated probability that a random point will
fall on charcoal):
P = C/N
The accuracy, or relative error, of the estimate of P (Sp/P):
(Sp/P) = √(1-P)/C
Areal of charcoal (total) in mm2 in all the fields of view you counted (Af):
Af = P x Fat
Estimated area of charcoal in mm2 in the entire pollen sample (Aps)
Aps = M x Af
Mc
Charcoal area in mm2 expressed on the basis of volume of wet sediment (Acc):
Acc = Aps/V
Charcoal area in mm2 expressed on the basis of wet sediment mass (Awm):
Awm = Aps/W
Charcoal area in mm2 expressed on the basis of dry sediment mass (Adm):
Adm = Aps/W(1-Pw)
Charcoal area in mm2 expressed on the basis of annual influx (Acy):
Acy = Acc * sedimentation rate expressed in cm/yr
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Charcoal: Pollen ratio (C:P) expressed as mm2 charcoal per pollen grain:
C:P = Mpo x Af
Mc x Popc
Charcoal: Pollen ratio (C:P) expressed as µm2 charcoal per pollen grain:
C:P = Mpo x Af x 106
Mc x Popc

Definitions:
Po = points applied in each field of view
F = the number of fields of view you looked at
N = total number of points applied (equal to Po x F)
Fa = area in mm2 of each field of view
Fat = Total area in mm2 on slide in which you looked at charcoal (equal to Fa x F)
C = the number of applied points that “touched” charcoal
V = volume in cm3 of original wet sediment sample processed for pollen
W = mass in g of original wet sediment processed for pollen (from LOI sheet)
Pw = percent water in the wet LOI sample from same level as pollen sample
M = number of Lycopodium marker spores added to original sample processed for pollen
Mc = the number of Lycopodium marker spores you counted in the fields of view in which you
did the point counting.
Mpo = the number of Lycopodium marker spores you counted in the pollen count from the same
level.
Popc = the total number of pollen grains (excluding spores and indeterminates) counted in the
pollen count from the same level.
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